High concentrations of orthophosphate (Pi) inhibited C02-dependent 02 evolution and prevented the inactivation of glucose-6-P dehydrogenase by light in intact spinach and barley chloroplasts. Addition of glycerate-3-P to chloroplasts inhibited by Pi in the light, induced 02 evolution and caused rapid inactivation of glucose-6-P dehydrogenase. The activity of phosphofructokinase detected in chloroplast preparations was not affected by light or by Pi.
The induction phase of C02-dependent O2 evolution by isolated chloroplasts is the initial lag observed before photosynthesis reaches maximum rates, and has been postulated to represent the time required for the autocatalytic increase in photosynthetic intermediates in the chloroplast stroma (29) . This is supported by the observed reduction in the length of the lag phase by exogenous metabolites (7) that are transported across the chloroplast envelope (12, 29) and the increase in the lag phase caused by Pi (6, 13) .
High external Pi also reduces the maximum rate of C02-dependent 02 evolution, presumably by continually draining metabolites from the chloroplasts by operation of the phosphate translocator (11) . Furthermore, an increase in triose phosphates and pentose monophosphates before the onset of 02 evolution has been ob-served with intact spinach chloroplasts (20) . These results are all consistent with the hypothesis that increased photosynthetic metabolite pools are required for maximum rates of 02 evolution but do not eliminate other factors, such as modulation of enzyme activity by light that may be rate-limiting during the induction phase.
Recent work in this laboratory (15, 16) has shown that concentrations of Pi that inhibited C02-dependent 02 evolution prevented the activation by light of phosphoribulokinase, NADPglyceraldehyde-3-P dehydrogenase, and fructose-1,6-bisphosphatase in intact spinach and barley chloroplasts. The Pi inhibition of enzyme activation by light in broken chloroplast preparations (reconstituted mixture of thylakoids and stromal proteins) was reversed by ribose-5-P or PGA2 (15) . The results suggested that the modulation by light of certain photosynthetic enzymes was controlled by the Pi to substrate ratio and indicated that the kinetics of enzyme activation by light may play a part in the induction phase of 02 evolution. Previously it has been assumed that activation by light occurred too rapidly to restrict 02 evolution during the lag phase (29) .
In addition to photosynthetic enzymes, chloroplasts also contain enzymes for hexose metabolism. Glucose-6-P dehydrogenase, an enzyme of the oxidative pentose-P pathway, has been reported to be inactivated by light in whole leaves (3) and isolated chloroplasts (1, 31) . Phosphofructokinase, an enzyme ofthe Embden-Meyerhof pathway, has only recently been identified as a chloroplast enzyme (19) . Previous to its detection in chloroplasts, however, phosphofructokinase was also reported to be inactivated by illumination of whole leaf tissue (18) .
Inactivation of glucose-6-P dehydrogenase by light is thought to be mechanistically similar to the activation of photosynthetic enzymes by light (1, 2 (20) . This procedure gave 95 to 100% recovery of authentic DHAP and the assay was linear over the range 0 to 25 tm DHAP.
Chl. Chl was determined in 96% ethanol (32) . The experimental data are either typical results or averages from at least three separate experiments.
RESULTS
Modulation of Glycolytic Enzymes by Light. Upon illumination of intact spinach and barley chloroplasts in vitro, glucose-6-P dehydrogenase activity decreased approximately 80% and the presence of 2 mM Pi largely prevented the inactivation by light (Table I) . In contrast, phosphofructokinase activity of intact chloroplasts was unaffected by light and Pi (Table I ).
The kinetics of inactivation of glucose-6-P dehydrogenase by light in intact spinach chloroplasts is shown in Figure 1 . In the absence of Pi, enzyme inactivation was maximal (approximately 70% inhibition) after I min of illumination. Addition of 2 mm Pi in the light caused a rapid increase in activity, indicating that Pi not only prevented (Table I) but also reversed ( Fig. 1 ) the effect of light on the enzyme.
The concentration of Pi (2 mM) that reversed the inactivation of glucose-6-P dehydrogenase by light in spinach chloroplasts in the experiment of Figure 1 gave complete inhibition of C02-dependent 02 evolution up to 15 min (data not shown). The kinetics of enzyme inactivation by light with barley chloroplasts in the presence of several lower concentrations of Pi is shown in Figure 2 . In the absence of exogenous P, inactivation of glucose-6-P dehydrogenase was maximal after 1 min of illumination. Inactivation by light was prevented by 0.5 mm Pi (Fig. 2) , which also completely inhibited CO2-dependent 02 evolution up to 15 min (data not (Fig. 2) . At this concentration of Pi, inactivation of enzyme activity exhibited a lag phase and required approximately 8 min of illumination for completion. C02-dependent O2 evolution also exhibited a lag phase of approximately 2 min; maximal rates of 02 evolution were reached after roughly 4 min of illumination (data not shown). Addition of PGA (1 mM) to chloroplasts inhibited by 0.5 mm Pi caused rapid inactivation of glucose-6-P dehydrogenase (Fig. 2) and immediate O2 evolution (data not shown).
Glucose--P Dehydrogenase in Relation to Induction. The results obtained clearly indicated the potential for flux of carbon through the oxidative pentose-P pathway in the light with excess Pi (Figs. 1 and 2 ). Phosphorolytic breakdown of starch and operation of the oxidative pathway would consume Pi and form pentose-P pathway intermediates nonphotosynthetically. In the light, however, availability of NADP+ as substrate for glucose-6-P and 6-phosphogluconate dehydrogenases may be limiting.
Internal NADPH can be oxidized by reduction of OAA to malate, which is catalyzed by the enzyme NADP-malate dehydrogenase. Low concentrations of OAA dramatically increased the rate of 02 evolution and decreased the length of the induction phase when photosynthesis was assayed at low 02 and with an inhibitory concentration of Pi (Fig. 3) . 02 evolution caused by reduction of OAA to malate was insignificant, as evidenced by only an initial burst of 02 evolution in the presence of OAA plus glyceraldehyde, to prevent Calvin cycle activity (28) . In the presence of the reductant DTT, the stimulatory effect of OAA was substantially reduced (Fig. 3) . With some chloroplast preparations, DTT caused an initial 02 consumption. The reducing agent DTT causes activation of certain photosynthetic enzymes and inactivation of glucose-6-P dehydrogenase in stromal extracts (1) (2) (3) . It is also thought that exogenous DTT can simulate light modulation of enzyme activity in intact chloroplasts, as evidenced by a large stimulation of dark CO2 fixation by exogenous DTT (14) . The neutral DTT molecule may diffuse across the chloroplast envelope and hence cause activation of photosynthetic enzymes and inactivation of glucose-6-P dehydrogenase in the dark. The effect of DTT suggested that sustained stimulation of 02 evolution by low concentrations of OAA involved a DTT-inactivated enzyme (e.g. glucose-6-P dehydrogenase).
Nonphotosynthetic production of pentose-P pathway intermediates would be expected to (Fig. 4) . At and below the optimal Pi concentration, OAA had no significant effect on the rate Of 02 evolution.
The chloroplast pyridine nucleotide pool may also be affected by 02 (8 The stimulation of 02 evolution was maximal when the initial concentration of 02 was approximately 150 ,LM (Fig. 6) . The presence of the reducing agent DTT substantially prevented the stimulatory effect of 02 (Fig. 6) (Fig. 7) . Without exogenous substrates at low 02, the induction phase of 02 evolution was long (7 min) and the final rate of 02 evolution was low (25 ,umol/mg Chl * h; Fig. 7B ). DHAP (10 1M) decreased the induction phase to 2 min and increased the rate of 02 evolution 3-fold. In contrast, at high 02 DHAP decreased the induction phase but had no significant effect on the rate of 02 evolution (Fig. 7A) .
Other metabolites that are known to be transported across the chloroplast envelope were tested for effects on 02 evolution under initially low and high 02. In general, the greatest effect of substrates or PPi at high 02 was a decrease in the length of the induction phase (data not shown). Rates of 02 evolution were increased only slightly (Table II) . This has been documented previously with spinach chloroplasts (29) . Under low 02 conditions, both ribose-5-P and PGA substantially increased the rate of 02 evolution (Table II) in addition to decreasing the induction phase (not shown). Formation of DHAP during the Induction Phase. During photosynthesis by intact chloroplasts with optimal concentrations of Pi, DHAP was a major product (Table III and Concentrations of Pi (4 mM) that inhibited C02-dependent 02 evolution significantly reduced but did not eliminate DHAP formation, indicating that the Calvin cycle was not the only source of phosphorylated intermediates (Table III) . The observed formation of DHAP was strongly stimulated by light and 02 (150 ,UM; Table III ) and was linear with time up to 30 min (data not shown). Maximum rates of DHAP formation under conditions inhibitory to photosynthesis were on the order of 2 to 4 ,umol DHAP/mg Chl-h (data not shown).
Plant Physiol. Vol. 64, 1979 by Pi and substrates. In the presence of high exogenous Pi, the enzyme remained active in the light but was inactivated by addition of PGA (Figs. 1 and 2 ). These results are analogous to those obtained previously for modulation of NADP-glyceraldehyde-3-P dehydrogenase, fructose-1,6-bisphosphatase, and phosphoribulokinase by light (15, 16) . With the photosynthetic enzymes, illumination of intact chloroplasts caused a 2-to 4-fold increase in enzyme activity that was prevented by Pi. The effect of Pi thus seemed to be similar in both systems in that Pi prevented the modulating action of light.
It is suggested that hexose breakdown via the oxidative pentose-P pathway may contribute to the chloroplast pools of pentose-P pathway intermediates during the induction phase of photosynthesis. The rate-limiting step may be availability of NADP as substrate for glucose-6-P and 6-P-gluconate dehydrogenases. It is postulated that high 02 or OAA at low 02 stimulated the flux of carbon through the oxidative pathway by increasing availability of NADP.
Reduction of OAA to malate by NADP-malate dehydrogenase would form NADP directly whereas the exact role of 02 is unclear. Suggestions are in the literature (8) for a link between the chloroplast pyridine nucleotide pool and 02. Conceivably, the NADPH formed by either glucose-6-P dehydrogenase or by noncyclic electron transport may be oxidized by superoxide and/or hydroxyl radicals (4) produced by photosynthetic reduction of 02 (9, 10) .
The postulate was supported by the demonstration that high 02 (Fig. 5) (22, 27) . Therefore, glucose-6-P may not be formed when the concentration of Pi is low. Second, formation of pentose-P pathway intermediates from hexose breakdown would only be beneficial when high external Pi produced an excessive drain of intermediates from the chloroplast. 14) and an increase in the concentration of Mg2e (25) . The importance of these changes for Calvin cycle enzyme activity has been well documented (25, 30) . It (7, 11, 12) . Pi prevents the activation ofNADP-glyceraldehyde-3-P dehydrogenase by light (15, 16) and will slow the formation of DHAP and thereby limit export. A decrease in the chloroplast pools of triose phosphates and hexose monophosphates with increasing Pi has been observed (13) . Because loss of carbon from the Calvin cycle occurs at DHAP (sucrose synthesis) and fructose-6-P (starch synthesis), control of the light modulation of the enzymes forming these metabolites would effectively prevent loss of intermediates from the Calvin cycle in the presence of high Pi. Operating concurrently, phosphorolytic starch breakdown and hexose metabolism via the oxidative pentose-P pathway would consume Pi and form ribulose-5-P (and presumably other pentose-P pathway intermediates). In this way, Pi would be consumed and P-esters would be formed. When the substrate to Pi ratio was sufficently high (15) , photosynthesis would be initiated. It is postulated that such a sequence of reactions may occur during the induction phase of chloroplast photosynthesis in vitro.
